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We report the fabrication, characterization, and modeling of photoconductive antennas using 40 nm thin-film
flakes of black phosphorus (BP) as the photoconductor and hexagonal boron nitride (hBN) as a capping layer
to prevent oxidation of BP. Dipole antennas were fabricated on oxidized high-resistivity Si substrates, and
BP and hBN flakes were picked up and transferred onto the antenna inside a nitrogen glovebox. The transfer
matrix technique was used to optimize the thickness of BP and hBN for maximum absorption. BP flakes were
aligned with the armchair axis along the anode-cathode gap of the antenna, with crystal orientation measured
using reflection anisotropy. Photocurrent imaging under illumination with 100 fs pulses at 780 and 1560 nm
showed a bias-dependent maximum photocurrent localized to the antenna gap with a peak photoconductivity
of 1 (2) S/cm in the linear regime of bias for excitation at 780 (1560) nm. Photocurrent saturation in bias
(pump fluence) occurred at approximately 1 V (0.25 mJ/cm2). Device performance was modeled numerically
by solving Maxwell’s equations and the drift-diffusion equation to obtain the photocurrent density in response
to pulsed laser excitation, which was largely in qualitative agreement with the experimental observations. THz
output computed from surface current density suggests that BP THz PCA performance is at least comparable
to more traditional devices based on low-temperature-grown GaAs. These devices represent a step toward
high-performance THz photoconductive antennas using BP.
I. INTRODUCTION
Terahertz photoconductive antennas (PCAs) generate
broadband THz pulses when a photoconductor is excited
by short (∼100 fs) laser pulses focused to the gap between
the anode and cathode of the antenna. These THz pulses,
with bandwidths typically covering the range of 0.1 to 4
THz, are commonly used in commercial systems for THz
time-domain spectroscopy. However, PCAs based on the
standard material, low-temperature-grown GaAs, suffer
from low power conversion efficiency, typically in the
range of 10−5 to 10−4 (Ref. 1). Several approaches have
been implemented recently to improve the performance
of GaAs THz PCAs, including the use of plasmonic ele-
ments to enhance absorption,2,3 thin GaAs to prevent
THz absorption loss within the photoconductor,3 and
nanostructuring to reduce photocarrier transit time.4,5
Incorporation of three-dimensional plasmonic elements
at the PCA electrodes has produced an optical-to-THz
conversion efficiency of 7.5%.6
The anisotropic, layered semiconductor black phospho-
rus (BP)7–10 combines several attractive properties for
application as the photoconductor in THz PCAs: strong
absorption at the wavelengths of low-cost fs fiber lasers
a)Electronic mail: churchill@uark.edu
(780 and 1560 nm),11 high room-temperature hole (elec-
tron) mobility of 5,000 (600) cm2/Vs,12,13 and few-layer
BP doped with Al adatoms was reported to have an elec-
tron mobility of 1,500 cm2/Vs near room temperature.14
Importantly for THz PCA applications, BP also supports
a high saturation velocity of 1.5 × 107 cm/s.15
Because the excitation pulse in a PCA is localized to
the vicinity of a few-micron gap in the antenna, the small
size of exfoliated BP flakes is not a limitation for this ap-
plication. Furthermore, the small lateral size of flakes of
mechanically exfoliated BP is advantageous to prevent
THz absorption loss that occurs when using a bulk pho-
toconductor, and van der Waals-based dry transfer per-
mits integration with low-loss antenna substrates such as
high-resistivity Si.
The optoelectric properties of BP have been widely
investigated, with photoresponse dominated by pho-
tovoltaic (bolometric) photocurrent at low (high)
doping.16–21 For THz applications, BP-based THz detec-
tors have been characterized,22,23 including integration
of BP into a PCA for THz detection.24 However, the su-
perior material properties of BP for THz PCAs described
above suggest that BP could also form the basis of effi-
cient, broadband THz sources. Here we describe a sig-
nificant step in this direction by integrating multi-layer
BP as the photoconductor in PCAs and characterizing
the photoresponse of the devices in the high-bias, high-
fluence regime relevant to THz PCA emitters.
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2Two-dimensional material flake thicknesses and sub-
strates chosen to maximize absorption for optoelectronic
applications have previously been reported in Refs. 25–
29, in addition to more complex architectures that, for
example, take advantage of the coupling between a cav-
ity and relatively narrowband excitonic transitions.30 Us-
ing an optical model for the reflection, absorption, and
transmission of light within the device, we selected thick-
nesses of BP and encapsulating hexagonal boron nitride
(hBN) layers to form an anti-reflection cavity that op-
timizes absorption in the BP layer. We then charac-
terized the photoresponse of the BP PCAs using scan-
ning photocurrent microscopy. We further modeled the
devices computationally by solving Maxwell’s equations
and the drift-diffusion equation to obtain the optical ab-
sorption and photocurrent density in response to pulsed
laser excitation. The experimentally observed strong ab-
sorption of 36% at 780 nm, photocurrent saturation in
bias (pump fluence) above 1 V (0.25 mJ/cm2), and peak
photoconductivity of 1 (2) S/cm at 780 (1560 nm) suggest
a promising outlook for the THz performance of these de-
vices, though further work may be needed to engineer a
short carrier lifetime in BP31 or minimize device transit
time.
II. EXPERIMENTAL AND COMPUTATIONAL
METHODS
A. Experimental Methods
A schematic of the BP PCA devices we fabricated is
shown in Fig.1(a), in which BP was covered by an hBN
layer and contacted on the bottom with Au. Fabrication
began with electron beam lithography to define the dipole
antenna on a Si substrate with resistivity > 10, 000 Ω-cm
and 300 nm of thermal oxide [Fig. 1(c)]. After develop-
ing the ebeam resist and prior to metal deposition, the
chip was etched for 36 seconds in 5:1 buffered oxide etch
to planarize the contact surface with respect to the oxide
(cf. supplemental Fig. S1) and prevent damage to the BP
during transfer onto the antenna. The etch was followed
by thermal evaporation of 5/60 nm of Cr/Au. BP and
hBN were mechanically exfoliated from bulk crystals, and
flakes with thicknesses chosen to maximize absorption at
780 nm (see below) were identified using a hermetic cell
with optical access.32 Flake thicknesses were confirmed
using atomic force microscopy inside a nitrogen glove-
box (H2O, O2 < 0.5 ppm). Flakes were transferred onto
the antenna using polycarbonate-based dry transfer, also
inside the glovebox.33
Devices were characterized at room temperature by
measuring AC photocurrent in response to excitation by
100 fs pulses with a repetition rate of 80 MHz at 1560 nm
from an Er-doped fiber laser, with a DC bias Vb applied
to one side of the antenna [Fig. 1(b)]. For measurements
at 780 nm, the pulses were frequency doubled using a
periodically-poled LiNbO3 crystal and passed through a
Au
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FIG. 1. (a) Cross-section of BP photoconductive antenna in
which BP encapsulated by hBN is transferred onto recessed
Au contacts that are planarized with the Si/SiO2 substrate.
(b) Optical micrograph of a complete device in which encap-
sulated BP bridges the gap of a dipole antenna. (c) Optical
micrograph of the antenna.
bandpass filter centered at 780 nm with a bandwidth of
10 nm. AC measurements used a mechanical chopper
at 811 Hz, a current preamplifier, and a lock-in ampli-
fier. The polarization of the excitation beam was ro-
tated using a half-wave plate to align with the armchair
axis of the BP flakes to maximize photocurrent. Pho-
tocurrent and reflectance images were acquired simulta-
neously using a two-axis galvo-mirror scanner driven by a
homemade synchronized digital-to-analog and analog-to-
digital converter pair34 operating at a line-scan frequency
of approximately 5 Hz with each line averaged 10 times.
During measurements, the BP PCAs were maintained in
a nitrogen environment using a hermetic cell similar to
that described in Ref. 32. Under these conditions, no en-
vironmental degradation of the BP devices was observed
during measurements over at least eight weeks.
To maximize the efficiency of BP PCAs, we leverage
the anisotropic mobility, saturation velocity, and optical
absorption of BP. Differential reflectance anisotropy us-
ing 780 nm excitation was used to determine BP crystal
axis orientation prior to transfer so that the high-velocity,
3strong absorption armchair axis could be aligned with the
electric field created by the bias applied to the antenna.
B. Computational Methods
An efficient PCA must be strongly absorbing at
the wavelength of the pump. We used the trans-
fer matrix method to calculate the absorption by the
hBN/BP/SiO2/Si stack as a function of hBN and BP
thickness for light at 780 nm normally incident on the
device.35 We used this model to calculate absorption in
different regions of the PCA, with excitation for exam-
ple inside the antenna gap or on the antenna anode or
cathode and under the valid assumption that the exci-
tation wavelength is much smaller than the size of the
antenna gap. The reported values in Refs. 36 and 37
were used for the complex refractive indices for BP and
hBN, respectively. Flake thicknesses were restricted to
be greater than 10 nm to permit the use of bulk optical
constants over the entire calculation range. Because of
the strongly anisotropic optical constants of BP, we per-
formed the calculation for light polarized along both the
armchair and zigzag axes of BP.
The tangential components of electric and magnetic
fieldsEa andHa at the interface between vacuum and the
hBN/BP/SiO2 stack are continuously connected with Eb
and Hb transmitted through the final interface between
SiO2 and Si via
38[
B
C
]
=
{
q∏
r=1
[
cos δr (i sin δr)/ηr
iηr sin δr cos δr
]}[
1
ηm
]
, (1)
where B = Ea/Eb and C = Ha/Eb are the normal-
ized electric and magnetic fields at the front interface,
δr = 2pin˜rd cos θ/λ is the phase thickness of the film,
n˜r = nr − iκr is the complex refractive index, nr is
the refractive index, κr is the extinction coefficient, d
is the film thickness, θ is the incident angle, λ is the
wavelength, y =
√
0/µ0 is the free space optical admit-
tance, ηsr = yn˜r cos θr is the admittance for s-polarized
light, ηpr = yn˜r/ cos θr is the admittance for p-polarized
light, η0 is the vacuum admittance, and ηm is the sub-
strate admittance. The absorption was calculated using
the surface admittance Y , which is the ratio of the total
tangential magnetic and electric fields at the incident in-
terface and is given by Y = Ha/Ea = C/B. Finally, the
fraction of light absorbed within the stack was calculated
as
A =
4η0Re(BC
∗ − ηm)
(η0B + C)(η0B + C)∗
. (2)
To further understand absorption and photocurrent
generation in BP PCAs, we also modeled devices using a
computational COMSOL multiphysics model that solved
Maxwells equations to obtain the electric and magnetic
fields in response to the pulsed laser excitation. The
computational domain of the PCA consisted of layers of
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FIG. 2. Absorption of light at 780 nm polarized along the (a)
armchair and (b) zigzag axis of BP by the hBN/BP/SiO2/Si
stack as a function of hBN and BP thickness calculated using
the transfer matrix method. The white circle indicates the se-
lected flake thicknesses for our devices with BP thickness of 40
nm and hBN thickness of 100 nm. (c) Circles: reflectance of a
BP flake on a SiO2/Si substrate as a function of polarization
of the 780 nm probe beam. Solid line: sinusoidal fit to the
reflectance. (d) Reflection image (unpolarized, red-channel
only) of a BP PCA, filtered at 780 nm. Inset: White-light
reflection image of the same device. (e) Calculated average
absorbed power, Pabs, within each layer of the device. (f)
Line cut of (e) at X = 0.
vacuum, hBN, BP, SiO2, and Si as shown in Fig. 1(a).
This solution is based on the use three modules of the
computational COMSOL multiphysics package (optical,
semiconductor, and antenna modules). In this model we
used the absorbing scattering boundary condition around
the computational domain. The optical module solves
the wave equation in the frequency domain. The electric
and magnetic fields E(r, t) and H(r, t) are obtained in
response to the laser excitation at 780 (1560) nm. Based
on the laser average incident power, the incident electric
field is given by Ref. 39:
Einc = xˆ
√
4η0Pave
piD2x
exp
[
4 ln(0.5)
(x− x0)2
D2x
]
(3)
4where Pave is the power average of a train of laser pulses,
x0 is the center of the laser position, and Dx is the Gaus-
sian half-power beam width along xˆ. In this module,
the BP was treated as an anisotropic material with com-
plex permittivity and conductivity in the x-, y- and z-
directions. The laser excitation is polarized in the x-
direction which is the armchair direction shown in Fig. 2.
The electric and magnetic fields in the BP layer were
extracted from the optical module to compute the maxi-
mum power density Pmax(r) at each position point (r) in
the layer. We observed that the power in the z-direction
was several orders of magnitude higher than that in the
y- and x-directions, which is expected based on the inci-
dent polarization in equation (3). In the semiconductor
module, the power density Pmax(r) is multiplied by the
Gaussian function to account for the amplitude modula-
tion of the laser excitation to obtain the carrier genera-
tion function Rg(r, t) as Ref. 39:
Rg(r, t) =
4piκPmax(r)
hc
exp
[
4 ln(0.5)
(t− t0)2
D2t
]
(4)
where κ represents the extinction coefficient of the photo-
conductive material, h is Plancks constant, c is the speed
of light, t0 is the time center of the laser pulse, and Dt
is the laser pulse width in time. For the carrier recombi-
nation rate, we used the ShockleyReadHall model.40
The semiconductor module solves the standard drift-
diffusion and Poissons equations in the time domain.
However, this module does not account for the anisotropy
of the BP material. As a result we treated the material as
isotropic with the complex permittivity of the x-direction
(armchair direction) which is also the direction of the bias
voltage of the device and the laser polarization. The solu-
tion of the photocurrent density J(r, t) is the summation
of the electron and hole currents Jn(r, t) and Jp(r, t), re-
spectively, given by41:
Jn,p(r, t) = µn,p∇Ec,vm(r, t)
±µn,pkBTF
(
m(r,t)
Nc,v
)
∇m(r, t) (5)
where m(r, t) is n(r, t) or p(r, t) for Jn(r, t) or Jp(r,t), re-
spectively, µn and µp are the electron and hole mobility,
Ec and Ev are the conduction and valence band energies,
Nc and Nv are the effective density of states for electrons
and holes, F is the Fermi function, T is the temperature,
kB is the Boltzmann constant, and the positive (neg-
ative) sign in the second term applies to electron (hole)
photocurrent. Here the temperature T was assumed con-
stant as room temperature, therefore our results did not
include thermal effects in the device. To account for pho-
tocurrent saturation, the carrier mobility is assumed to
vary with the induced electric field based on the Caughey-
Thomas mobility model.42
In this model, the carrier mobility of holes (electrons)
in BP is assumed to be 5,000 (1,500) cm2/Vs, to rep-
resent an upper limit of BP PCA performance.12,14 The
carrier lifetime of BP has been reported to be frequency
dependent for excitation in the near infrared, and we
take lifetimes of 0.36 ps and 0.93 ps at 780 and 1560
nm, respectively.31 To match parameters of the device for
which photoresponse data are presented, we also took an
hBN thickness of 140 nm, BP thickness of 40 nm, SiO2
thickness of 300 nm, and assumed semi-infinite Si. Com-
plex refractive indices for BP and hBN were taken to be
the same as those used in the transfer matrix model with
the BP complex relative permittivity being 16.06− 1.73i
(14.48 − 2.23i) in the x-direction and 14.76 − 0.096i
(13.41 − 0.039i) in the y-direction for 780 (1560) nm,
respectively. The BP permittivity in the z-direction is
8.3 for both frequencies.43 We take the conductivity of
BP to be 2.5 S/cm in the x-direction, 0.93 S/cm in the
y-direction, and 0.44 S/cm in the z-direction.13 The Si
and SiO2 have complex permittivities of 13.51 − 0.04i
(11.91 − 0.13i) and 2.38 (2.36), respectively, at wave-
lengths of 780 (1560) nm.44–46
The photocurrent density J(r, t) is extracted from the
semiconductor module to provide a current source in the
antenna module. In the antenna module, the hBN, BP,
and SiO2 layers were ignored due to their insignificant
thickness compared with the THz wavelength. The gen-
erated THz electric field signal ETHz(r, t) can be ob-
tained at any point in the domain as47:
ETHz(r, t) = −µ0
4pi
∂
∂t
∫
Js(r, t− (|r − r′|/c))
|r − r′| ds
′ (6)
where µ0 is the magnetic permeability, Js(r, t) is the pho-
toconductive surface current at the antenna gap, |r− r′|
is the distance between the source and the field point,
and ds′ is the increment of surface area at a displace-
ment r′ from the antenna center. Collectively based on
the above three modules, the generated THz electric field
signal solution is function of the optical response, carrier
mobility, carrier saturation velocity, carrier recombina-
tion, bias voltage, laser power and wavelength, carrier
lifetime, and photoconductor permittivity and conduc-
tivity. More details of the computational model were
reported for GaAs PCA in Ref. 3.
III. RESULTS AND DISCUSSION
The results of the transfer matrix calculation
[Fig. 2(a),(b)] indicate strong absorption by the device
when the BP and hBN thicknesses create an antireflec-
tive quarter-wave cavity, with a weaker dependence on
the hBN thickness because of its much smaller dielectric
constant compared to BP. Among many strongly absorb-
ing BP thicknesses to choose from, we prefer those with
thinner BP to retain the possibility of applying a gate
voltage to adjust the carrier density of BP in future de-
vices, which will allow us to minimize dark current and
maximize breakdown electric field. As indicated by the
white circle in Fig. 2(a), absorption is maximized with
BP approximately 40 nm thick and hBN approximately
100 nm thick. Comparing Fig. 2(a) and 2(b), absorption
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FIG. 3. (a) AC photocurrent as a function of Vb for exci-
tation of the BP PCA at 780 and 1560 nm at an average
power of 0.46 mW. In all panels red (black) curves or circles
are associated with excitation at 780 (1560) nm. (b) Higher
bias photocurrent at an average power of 0.43 mW. (c) Pho-
toconductivity measured at Vb = 100 mV. (d) Responsivity
extracted from the data in (c). (e) Simulated photocurrent
density as a function of Vb for excitation of the BP PCA at
780 nm (red) and 1560 nm (black) at an average power of 0.43
mW. (f) Simulated photoconductivity as function of average
power extracted from photocurrent over the range Vb = ±
100 mV.
by the device for light polarized along the armchair di-
rection of BP is approximately 20% larger than for light
polarized along the zigzag direction, justifying our align-
ment of the excitation beam polarization with the arm-
chair direction of the BP. This observation also allows
the use of narrow-band differential reflectance anisotropy
measurements to determine the crystal orientation of BP
flakes. A differential reflectance anisotropy measurement
of a device with a 40 (100) nm-thick BP (hBN) flake is
shown in Fig. 2(c). Light is reflected more weakly for po-
larization aligned to the strongly absorbing armchair axis
of the BP, and we use this information to transfer the BP
flake onto the antenna with the armchair axis aligned to
the electric field produced by Vb to within 2-3
◦.
A reflection image bandpass-filtered around 780 nm
is shown in Fig. 2(d), in which we observe a dark re-
gion covering the antenna gap that corresponds to the
strongly absorbing BP layer. Additionally, the hBN flake
in Fig. 2(d) is transparent to light at 780 nm, indicat-
ing that absorption by BP is maximized when the hBN
is transparent, as expected. Using this image we com-
pare the light intensity reflected by the hBN/BP/SiO2/Si
region, RBP , with the light intensity reflected by the
hBN/SiO2/Si region, RhBN , to quantify the absorption
by BP as 1−RBP /RhBN = 0.71±0.04, with uncertainty
derived from the standard deviation of pixel intensity
over the measurement region. Calculated absorption us-
ing the transfer matrix method yields an expected range
of absorption 0.69+0.00−0.06, assuming an uncertainty in BP
and hBN thicknesses of ±5 nm.
To clarify the role of BP in the photoresponse of the
fabricated device, we calculated the average absorbed
power in each layer using the COMSOL solution of
Maxwells equations for an excitation wavelength of 780
nm. The map shown in Fig. 2(e) indicates that the BP
layer dominates absorbed power relative to other lay-
ers. Plotting the average absorbed power along the z-
direction in the middle of the antenna gap [Fig. 2(f)],
we see that absorption by the BP layer is many orders
of magnitude larger than absorption by the Si substrate
and that, as expected, absorption by vacuum, hBN, and
SiO2 are negligible. This result indicates that the pri-
mary loss of incident power is from reflection rather than
absorption by the Si substrate.
We characterized the photoresponse of three nominally
identical BP PCAs and present the results from one of
them. Data for additional BP PCAs are presented in
supplementary Figs. S2 and S7. This BP PCA had BP
(hBN) thicknesses of 40 (140) nm (Fig. S3) and a DC
dark resistance of 15 kΩ (Fig. S5), comparable to de-
vices based on other materials capable of operating at
1560 nm such as InGaAs.48 We estimate that this thicker
than optimum hBN layer reduces absorption by approxi-
mately 20% relative to an ideal device [cf. Fig. 2(a)]. AC
photocurrent characteristics of the BP PCA are shown
in Fig. 3(a) for illumination by pulses with an average
power of 460 µW at both 780 and 1560 nm. For both
wavelengths the photocurrent is linear at low bias. At
higher bias [Fig. 3(b)] the photocurrent becomes sublin-
ear above approximately Vb = 0.1 V and is approximately
50% larger for negative bias, likely caused by asymmetri-
cal contact resistances between Au and BP at the anode
and cathode. Notably, the high-bias photocurrent is 50%
larger for excitation at 1560 nm than at 780 nm.
Photoconductivity of the device as a function of aver-
age power was measured by fitting the slopes of linear
photocurrent vs. bias curves over the range ±100 mV
at different powers. Photoconductivity of the device in-
creases with average power [Fig. 3(c)], saturating at 1
S/cm for excitation at 780 nm. For 1560 nm excitation,
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FIG. 4. Scanning reflectance and AC photocurrent images of a BP PCA. (a)-(c) Images for excitation at 780 nm. (d) Line
profile of photocurrent along the path indicated by the black dashed line in (b), for Vb = 100 mV. The red dotted line is a
Gaussian fit to the photocurrent profile. (e)-(h) Images for excitation at 1560 nm. Photocurrent images in (b),(f) were acquired
with Vb = 100 mV and images in (c), (g) were acquired with Vb =-100 mV. (h) Similar to (d) along the path shown in (f).
Gray lines in (b), (c), (f), and (g) indicate the outlines of the contacts based on the reflection images in (a) and (e).
photoconductivity reached 2 S/cm at the highest power
available (850 µW) and appears to begin to saturate at
that power. The irradiance (fluence) at this power is ap-
proximately 20 kW/cm2 (0.25 mJ/cm2) for our measured
spot size of 2 µm.
To provide a comparison with the large experimental
literature concerning BP photodetectors,19,49–58 we also
compute the responsivity of this device as a function of
average power at Vb = 100 mV, as shown in Fig. 3(d).
Strikingly different behavior was observed for 780 and
1560 nm excitation: whereas responsivity decreases with
power for 780 nm excitation, it increases with power for
1560 nm excitation and saturates at a modest value of
about 1.25 mA/W. This observation implies sub(super)-
linear photoconductivity as a function of power for exci-
tation at 780 (1560) nm. This result may indicate supe-
rior efficiency of future BP THz PCAs pumped at 1560
nm compared with 780 nm. Although very large respon-
sivities have been reported for BP photodetectors,59 such
measurements are obtained for average powers/fluences
three to four orders of magnitude smaller than reported
here. In contrast, because of the quadratic dependence
of THz output power on pump fluence, THz PCAs are
typically operated at very high fluence near saturation
and the damage threshold,60 conditions under which re-
sponsivities are typically suppressed.
We now compare the experimental results with those of
the computational model. Because of the relatively large
number of parameters entering the model and the large
spread of values reported for BP electrical and optical
properties, we seek only qualitative agreement between
experiment and the computation model. The results of
Fig. 3(e) and (f) show the photocurrent density calcu-
lated as a function of Vb. The BP PCA was excited at
wavelengths of 780 and 1560 nm, with an average power
of 0.43 mW to match the experiment in Fig. 3(b). The
results demonstrate similar qualitative behavior to the
experimental results of Fig. 3(b), although the ampli-
tudes are observed to be different. This could be due to
using the upper limits of the mobility in the model as an
effort to estimate the highest potential photocurrent in
the BP PCA. The supplementary Fig. S8 demonstrates
that using the lower limits reported in the literature for
BP mobility leads to lower photocurrent density, almost
25% of that at the BP higher reported mobility.12,14,61
Furthermore, saturation of photocurrent density, as seen
experimentally, was observed in the model only for higher
mobility.
The results of Fig. 3(f) show the photoconductivity
based on the slope of the photoconductive current in
Fig. 3(e) over the range ±100 mV. The excitation power
was varied from 0 to 1 mW. Direct current at zero power
in the model was small, indicating a dark resistance of
approximately 1 MΩ, significantly larger than the ex-
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FIG. 5. Results of the computational electromagnetic device
model for a BP-based THz PCA with Vb = 1 V excited at
780 nm (red curves) and 1560 nm (black curves), and for a
LT-GaAs-based THz PCA excited at 780 nm with Vb = 1 V
(blue curves) and Vb = 30 V (green curves). In all cases the
average power was 1 mW. (a) Transient surface photocurrent
for BP- and LT-GaAs-based PCAs. (b) THz electric field
generated by the surface photocurrent calculated a distance
250 µm beneath the antenna inside the Si substrate. (c) Same
as (b) in the frequency domain.
perimental value of 15 kΩ. The computational results
demonstrate a qualitatively consistent behavior as the ex-
perimental results in Fig. 3(c) for excitation at 780 nm,
which is not the case for excitation at 1560 nm. For this
wavelength, the computational model displays a linear
power dependence for low powers. In contrast, the ex-
perimental results suggest a superlinear behavior at low
power. Similar increases in responsivity were reported
in Refs. 50 and 62. One possibility is that the superlin-
ear behavior arises from the nonlinear optical response
of BP,63 which is not accounted for in the computational
model. While two-photon absorption could account for
such an increase, saturated absorption is typically ob-
served for BP at this wavelength and power range.63
More detailed experimental investigation of the depen-
dence of photoconductivity over a wider range of powers
will be required to clarify this point.
Next, we examine experimentally the spatial depen-
dence of photocurrent generated by the BP PCA using
scanning photocurrent microscopy, again at excitation
wavelengths of 780 and 1560 nm for Vb = ±100 mV. Com-
parison of simultaneously acquired reflection and pho-
tocurrent images (Fig. 4) indicates that the maximum
photocurrent is produced when the laser spot excites the
center of the antenna gap. The maximum photocurrent
is shifted to the right side of the gap because of spa-
tial nonuniformity in either the photoconductivity of the
BP or the BP/Au contact resistance. This nonunifor-
mity is specific to this device and was not present in the
other two devices measured (cf. Fig. S7). Images for 780
and 1560 nm excitation are largely similar, except for
a higher photocurrent for 1560 nm excitation consistent
with the data in Fig. 3 and slightly lower resolution for
the 1560 nm images, as expected. Line profiles of the
current along the gap [Fig. 4(d),(h)] are fit well with a
Gaussian lineshape, with full widths at half maximum
of 6.4 (6.8) µm for photocurrent profiles acquired at 780
(1560) nm. These widths are approximately equal to the
width of the antenna gap plus the size of the excitation
beam. Photocurrent images at Vb = 0 V are presented
in Fig. S6.
Finally, we use the results of the computational sur-
face photocurrent density of the BP device to compare
the anticipated performance of BP THz PCAs with those
based on more conventional LT-GaAs. Calculated sur-
face photocurrent densities for BP excited at 780 (1560)
nm, Pave = 1 mW, and Vb = 1 V are shown in Fig. 5(a).
The BP results are compared with those of conventional
GaAs PCAs at the same power with Vb = 1 and 30 V.
Here we modeled the GaAs PCA using the same electrode
geometry shown in Fig. 1 on top of a LT-GaAs layer of
thickness 500 nm. Because the BP and electrodes have
the same width in the model, the surface photocurrent
densities of all antennas are obtained by multiplying the
volume current densities J(r, t) from eq. 5 by the thick-
ness of the BP layer (40 nm). The THz electric field sig-
nal ETHz is computed in the Si substrate at a distance
of 250 µm beneath the gap for all considered antennas.
We measured the complex relative permittivity of Si to
be 11.5 − 0.0047i using THz time-domain spectroscopy
(0.1-3.5 THz), consistent with Ref. 64. The results of
the BP at 780 (1560) nm are compared with those of the
8conventional GaAs PCAs demonstrating that BP PCA
is capable of generating THz signal similar to GaAs as
shown in Fig. 5(b). The results also demonstrate that the
signal generated at 1560 nm is higher than that at 780
nm, consistent with the larger photocurrent obtained ex-
perimentally and computationally. The spectrum of the
photocurrents and the THz signals are plotted as a func-
tion of frequency in Fig. 5(c), showing a bandwidth of ap-
proximately 4 THz for all PCAs with higher amplitude of
the BP at 1560 nm. Here we define the bandwidth as the
frequency above which the spectrum becomes irregular.
The observed sharp dips in THz electric field spectrum of
all PCAs around 4 and 4.5 THz are resonances caused by
the dimensions of the antenna. At these frequencies, the
dimensions become close to half of a wavelength in the Si
substrate. This issue can be resolved by optimizing the
geometry of the antenna metal.
IV. CONCLUSION
We have integrated hBN-encapsulated BP into PCAs
and characterized their photoresponse at the two most
common wavelengths available from low-cost fs fiber
lasers, 780 and 1560 nm. By engineering the flake thick-
nesses to create an anti-reflection cavity, absorption by
the device reached 36% and photoconductivity of 1 (2)
S/cm was observed for excitation at 780 (1560) nm in
the linear regime of bias. The computational model re-
produced the essential qualitative characteristics of the
device, including strong absorption by the BP layer, pho-
tocurrent saturation, and superior photoconductivity for
excitation at 1560 nm compared to 780 nm. Photocur-
rent saturation above 1 V and photoconductivity satu-
ration near 1 mW average power show promise for the
high-bias, high-power operating regime of THz-emitting
PCAs. Computational results of THz output suggest
that BP-based THz PCAs could perform at least as well
as those based on GaAs, but we note significant uncer-
tainty in the parameters used as inputs to the model, in
particular the mobilities and lifetimes.
Flake thicknesses in these devices were optimized
for absorption at 780 nm; in future devices, signifi-
cantly better performance at 1560 nm could be achieved
by optimizing the stack to absorb at that wavelength
(cf. Fig. S4). Additional improvements could be achieved
by incorporating a reflective back gate beneath the BP to
suppress absorption by Si and control carrier density, by
characterizing and optimizing carrier lifetime and/or de-
vice transit time, and by suppressing dark current using
an ultrathin hBN layer between the BP and Au contacts.
The THz performance of BP PCAs will be character-
ized in the future using THz time-domain spectroscopy
to compare BP-based PCAs with those using GaAs, In-
GaAs, and other materials.
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